Polycrystalline alumina developed by the Japan Fine Ceramics Center (JFCC) has been studied as a candidate thermal diffusivity reference material. It was experimentally confirmed that the alumina developed by the JFCC is homogeneous and stable enough to be used as a reference material. The thermal diffusivities of two specimens of different thicknesses (2 and 3 mm) were measured by the laser flash method with high accuracy in the temperature range from room temperature to 1000 K. From the results obtained by measurements, the reference equation of thermal diffusivity in the alumina was determined. The uncertainty of the equation consists of the uncertainties associated with material inhomogeneity of 1.61% and the measurement of 2.29%. Then the combined standard uncertainty is 2.80% (1σ ) and the expanded uncertainty is derived as 5.60% with the coverage factor of '2' (2σ ). Moreover, we developed a new measurement system for practical use of the laser flash method with a high accuracy technique. In the new system, the uncertainty of the measurement was evaluated by using specimens with the existing reference equation. The difference from the thermal diffusivity value measured by using the new system to the reference value is within ±2.3%, which is equal to the uncertainty of measurement obtained by using the system in the National Research Laboratory of Metrology.
Introduction
In general the thermal conductivity property of a solid is evaluated by using the thermal diffusivity measured by the laser flash method [1] . Therefore, in order to evaluate the thermal conductivity properties of a solid with certainty, it is essentially important to supply a reference material that can be used to evaluate the uncertainty of the measurements for the thermal diffusivity. Internationally, the National Institute of Standards and Technology (NIST) has been active in research, development and supply of Standard Reference Materials (SRMs) for the thermophysical properties. However, they are not suitable for the laser flash thermal diffusivity measurements because the thermal diffusivity reference values of these materials have not been determined.
New reference materials for the thermal diffusivity are under development by several organizations. For instance, PYROCERAM 9606 made by Corning Co was a candidate reference material for the thermal diffusivity proposed by the American Society for Testing Materials (ASTM). Several laboratories joined the round robin tests using PYROCERAM 9606, which were planned by the ASTM [2] [3] [4] . However, the reference material of the thermal diffusivity using PYROCERAM 9606 has not been supplied.
The Japan Fine Ceramics Center (JFCC) in collaboration with the National Research Laboratory of Metrology (NRLM) is studying the new reference material for laser flash thermal diffusivity measurements. The JFCC has been developing the open material system and supplying the reference materials under the name of REFERCERAM for mechanical testing and machining using fine ceramics [5] . The NRLM has been studying the laser flash measurement technique with high accuracy [6] . As a result of our collaboration, we have developed a thermal diffusivity reference material made from homogeneous and stable polycrystalline alumina named 'REFERCERAM AL1' by using a laser flash method with high accuracy. The aim of this paper is to clarify the homogeneity and the stability of thermal diffusivity and decide the reference value of thermal diffusivity, including its uncertainty, for the alumina (REFERCERAM AL1). Moreover, we have developed a new laser flash measurement system for practical use with a high accuracy from the technique used at the NRLM. The uncertainty of the measurement with the new system was evaluated by using the new reference material developed in this paper.
Materials
We used polycrystalline alumina named 'REFERCE-RAM AL1' supplied by the JFCC as a standard ceramic material. The material was used as a standard for various kinds of testing and machining of ceramics. Table 1 shows some of the properties measured in the JFCC in order to screen original materials, to determine whether they can qualify as standard ceramic materials. We considered this material a suitable thermal diffusivity reference material.
The size of the alumina sample (REFERCERAM AL1) supplied is 100 mm × 100 mm × 10 mm. A specimen 10 mm in diameter was prepared from the alumina plate for the thermal diffusivity measurement. 
Measurements
The thermal diffusivity was measured by a laser flash method. In this method the front face of the specimen is heated by a laser pulse and the transient temperature curve of the rear face is measured with a radiation thermometer. Figure 1 shows a typical transient temperature curve of the rear surface after laser pulse heating. In figure 1 , T is the rise in temperature and T m is the maximum rise in temperature. Then the thermal diffusivity is calculated from the following equation:
where α is the thermal diffusivity (m 2 s −1 ), d is the thickness of the specimen (in metres) and t 1/2 is the half rise time as shown in figure 1 (in seconds) .
In this study, the commercial measuring equipment made by Rigaku Co, Ltd was used to evaluate the homogeneity and stability of the alumina (REFERCERAM AL1). Also the system in the NRLM [6] with a high accuracy technique was used to decide the reference value. Moreover, the new system was developed for practical use with high accuracy on the basis of the technique used by the NRLM. The system in the NRLM and the newly developed system have some of the same features for a high accuracy measurement [6, 7] , as follows. First, the spatial profile of the pulse heating laser beam is homogenized after its transmission through the step index optical fibre with mode mixers as shown in figure 2. Second, a fast response infrared radiation thermometer is introduced to measure the transient temperature response of the rear surface of a specimen correctly. The response time of this radiation thermometer is faster than 100 µs, with an excellent signalto-noise ratio. Third, the uncertainty during measurements of the temperature of a specimen is reduced by placing the thermocouple junction contact on the specimen. Figure 3 is a schematic diagram of the new measurement system developed in our study.
The specimen was coated with dry graphite film to provide high absorption of the laser beam and high emission of the infrared radiation. For calculation of the thermal diffusivity, the thickness of the specimen included the thickness of the graphite film that was used to cover the specimen. For the high temperature measurements, the thickness at room temperature was used.
Then experimental data were analysed by the curve fitting method [8, 9] that was developed at the NRLM in order to correct for the radiation heat losses and estimate the effect of non-uniform heating.
Results

The homogeneity of thermal diffusivity
Ten specimens were cut from different locations on an alumina plate (100 mm × 100 mm × 10 mm) as shown in figure 4 . The thermal diffusivity of the specimens was measured at room temperature by the use of commercial equipment (Rigaku Co, Ltd). The thickness of each specimen was 2.5 mm. The results are shown in figure 5 , which represents the deviation from the mean value. The difference in thermal diffusivity according to location on a plate was negligibly small and the standard deviation was 0.86%.
The variability of the thermal diffusivity among the alumina plates was examined. Twenty alumina plates were prepared and each plate was cut into a specimen of thickness 2.0 mm at position 6 shown in figure 4. Figure 6 shows the deviation from the mean value. The standard deviation was 1.36% and it was acceptably small.
The stability of thermal diffusivity
The thermal diffusivity of the alumina specimen was measured three times, during the first, second and fifth runs of the heating cycles from room temperature to 1000 K for the same specimen using the commercial equipment (Rigaku Co, Ltd). The differences between the thermal diffusivities obtained during the second and fifth runs from the first measured data are shown in figure 7 . The difference is within ±2%. Therefore, it is confirmed that the thermal diffusivity of the alumina specimen did not change after heat treatment from room temperature to 1000 K. 
The reference value of the thermal diffusivity
Two specimens with different thicknesses (2 and 3 mm) were cut out at position 1 shown in figures 4 and 8, and were measured twice over the temperature range from room temperature to 1000 K to determine the reference value of the thermal diffusivity by using high accuracy equipment in the NRLM. Figure 9 shows a typical laser power dependence of the thermal diffusivity. When the laser power is higher, the apparent thermal diffusivity is smaller. This is attributed to the nonlinearity of emission of radiation with respect to temperature [10] and the dependence of the thermal diffusivity on the temperature [1] . Then the value extrapolated to power zero is considered the real thermal diffusivity at the temperature before the pulse heating. 
where the unit of thermal diffusivity, α, is m 2 s −1 and the temperature, T , is in kelvins. The deviation of each measured value from equation (2) is within ±3%. Therefore, one can consider equation (2) as the reference equation for the thermal diffusivity of the material.
Measurements made by using the new measurement system
The thermal diffusivities of the specimens that have the reference value were measured by using the new measurement system developed in this study, over the temperature range from room temperature to 1000 K. The results of thermal diffusivity measurements are shown in figure 11 . In figure 11 the measured data are represented by the symbols and the reference value calculated by equation (2) is described by the curve.
Discussion
The uncertainty of equation (2) was evaluated on the basis of the Guide to the Expression of Uncertainty in Measurement (GUM) issued by the International Organization for Standardization [11] .
The uncertainty consists of inhomogeneity of the reference material and uncertainty of thermal diffusivity measurements.
The uncertainty associated with the material
The inhomogeneity of the reference materials was evaluated by combination of the variability within a plate and the variability between the plates. The variability of the thermal diffusivity within a plate was estimated to be 0.86%. The variability between the plates was estimated to be 1.36%. The combined uncertainty attributed to the inhomogeneity of the reference materials is 1.61%.
The uncertainty of measurement
The uncertainty of measurements consists of uncertainties arising from the measurement system and analysis of the thermal diffusivity.
5.2.1.
The uncertainty with the measurement system. First, stray light is considered as an uncertainty factor. The specimen was coated with graphite film to provide high absorption of the laser beam. However, the signal caused by stray light from the heating laser beam was superimposed on the transient temperature curve. The uncertainty was evaluated by changing the area of analysis during curve fitting analysis. Then the uncertainty was estimated to be 0.87% when the maximum influence of the stray light was observed by measuring the specimen of thickness 2 mm at room temperature.
Second, the nonuniformity of heating is considered as an uncertainty factor. The uncertainty arising from nonuniform heating was evaluated from the difference between the measured curve and the theoretical curve by the curve fitting method [9] . The maximum difference was 1.22% for the specimen of thickness 2 mm at room temperature.
Third, the time scale is considered as an uncertainty factor. The uncertainty arising from the time scale depends on the sampling interval. In this study t 1/2 was minimum when the specimen of thickness 2 mm was measured at room temperature. In the measurement the sampling interval was set to be about 1/1000 of t 1/2 . Then the uncertainty arising from the time scale was estimated to be about 0.10%.
In this study a Pt-13% Rh-Pt thermocouple was used to monitor the stable temperature of the specimen. The uncertainty capacity of this thermocouple was prescribed by the ISO to be ±1.5 K or 0.25%. The maximum uncertainty of specimen temperature measurement was estimated to be 1.5 K. In equation (2), the maximum change of thermal diffusivity with a change in temperature was 0.65% K −1 at room temperature. Therefore the thermal diffusivity changed by about 0.98% when the temperature change was 1.5 K. Then the uncertainty associated with the specimen temperature was estimated to be 0.98%.
The uncertainty with the analysis of the thermal diffusivity.
The uncertainty with thermal diffusivity analysis is caused by the thickness of the specimen, the heat loss effect, the extrapolation and the residual regression of the reference equation.
Regarding the thickness of the specimen, the dry graphite film coating caused the error during calculation.
The uncertainty of the thickness of the specimen was evaluated as the difference between the value calculated using the thickness of the specimen alone and the value calculated using the combined thickness of the added film and the specimen. Then the uncertainty of thickness was estimated to be 0.70%.
During curve fitting the thermal diffusivity was analysed under the assumption that heat loss from the side could be ignored. The uncertainty caused by this assumption was estimated to be about 5% of the heat loss effect [8] . In this study the maximum heat loss effect was about 7.9% when the specimen of thickness 3 mm was measured at 1027 K. Then the uncertainty of the heat loss effect was estimated to be under 0.40%.
In this study the apparent thermal diffusivities were measured at several laser powers and the value obtained by extrapolation to zero laser power was regarded as the true thermal diffusivity. The apparent thermal diffusivity varies according to the drift of the stable temperature and the lack of the signal-to-noise ratio of temperature measurement and so on. Therefore the extrapolation value involves uncertainty by virtue of this variability. The average value of the uncertainty was 0.46%.
The residual regression of the reference equation was estimated to be 1.08% when equation (2) was determined by the least squares method.
The uncertainty associated with thermal diffusivity measurement.
Assuming that the above-mentioned uncertainty factors are mutually independent, the overall uncertainty associated with thermal diffusivity measurements is estimated to be 2.29%, which was calculated by taking the square root of the sum of the squares of all uncertainties within the measurement.
Synthetic estimation of the uncertainty
The combined uncertainty considering the inhomogeneity of the material and the uncertainty of measurements is 2.80% (1σ ), which was calculated by taking the square root of the sum of the squares of the two uncertainties. The expanded uncertainty is derived as 5.60% (2σ ) by multiplying the combined uncertainty by a coverage factor, k = 2 with a level of confidence of approximately 95%. Table 2 is a list of the uncertainties. Figure 12 shows the difference between the measured value obtained by using the new system and the reference value (2) calculated by use of equation (2) . In figure 12 , the mesh area signifies the uncertainty of measurement using the system in the NRLM. The uncertainty of thermal diffusivity measured by using the new system corresponds to a difference of within ±2.3%, which is almost equal to the uncertainty of the measurement obtained by using the system in the NRLM. Hence it is considered that the new system is suitable for high accuracy measurement by the laser flash method. However, the values measured by using the new system are a little lower than the reference value. We hope that the reasons for this discrepancy will be examined and that the accuracy of measurement obtained by using the new system will be improved.
Evaluation of the new measurement system
Conclusion
A thermal diffusivity reference material was developed using a laser flash method. The thermal diffusivity of polycrystalline alumina named 'REFERCERAM AL1' was homogeneous and stable enough for it to be used as a reference material. The reference value of the material at temperatures from room temperature to 1000 K was determined by a laser flash method with high accuracy. Also the uncertainty of the thermal diffusivity reference value was evaluated on the basis of the GUM. The uncertainty of the reference value consists of the uncertainties associated with inhomogeneity of the material of 1.61% and the measurement of 2.29%. Hence the combined standard uncertainty is 2.80% (1σ ) and the expanded uncertainty is derived as 5.60% with the coverage factor of '2' (2σ ). Moreover, a new measurement system for the practical use of a laser flash method with high accuracy was developed. The uncertainty of the measurement by using the new system was estimated to be within ±2.3%, which is almost equal to the uncertainty of measurement obtained by using the system in the NRLM. Therefore, the new system is suitable for high accuracy measurement by the laser flash method.
The new reference material developed in this study is named 'TD-AL' and was supplied by the JFCC. The alumina plates used for evaluating the variability of the thermal diffusivity between the plates are used only for the TD-AL. We hope that this 'TD-AL' will be a useful reference material for thermophysical properties.
